We find that the Néel state of the layered organic conductor κ-(BETS)2FeBr4 shows no spin modulation of the Shubnikov-de Haas oscillations, contrary to the paramagnetic state of the same material. This is evidence of spin degeneracy of Landau levels -a direct manifestation of the generic Zeeman spin-orbit coupling, predicted for antiferromagnetic conductors. Likewise, we find no spin modulation in the angle dependence of the slow Shubnikov-de Haas oscillations in the optimally electron-doped cuprate Nd2−xCexCuO4. This points to the presence of Néel order in this superconductor even at optimal doping.
Introduction -Spin-orbit coupling (SOC) in solids intertwines electron orbital motion with its spin, generating a variety of fundamental effects [1, 2] . Commonly, SOC originates from the Pauli term H P =h 4m 2 0 σ·p×∇V (r) in the electron Hamiltonian [3, 4] . Remarkably, Néel order may give rise to SOC of an entirely different nature, via the Zeeman effect [5, 6] :
where µ B = eh 2m0 is the Bohr magneton, B the magnetic field, σ the electron spin, while g and g ⊥ define the g-tensor components with respect to the Néel axis. In a purely transverse field B ⊥ , a hidden symmetry of a Néel antiferromagnet protects double degeneracy of Bloch eigenstates at a special set of momenta in the Brillouin zone [5, 6] : at such momenta, g ⊥ must vanish. The scale of g ⊥ is set by g , which renders g ⊥ (k) substantially momentum-dependent, and turns H so Z into a veritable SOC [5] [6] [7] [8] . This coupling may manifest itself in a variety of antiferromagnetic (AF) conductors such as chromium, cuprates, iron pnictides, hexaborides, borocarbides, as well as organic and heavy-fermion compounds [6] .
The peculiar form of Eq. (1) is predicted to produce unusual effects such as the absence of Zeeman splitting of the Landau levels in a purely transverse field B ⊥ [9, 10] , and spin-flip transitions, induced by AC electric rather than magnetic field [10] . To our knowledge, none of these effects have been experimentally verified as yet.
Here we report experimental evidence for the absence of Zeeman splitting of Landau levels in an AF metal. We examine two very different layered conductors: the organic AF charge-transfer salt κ-(BETS) 2 FeBr 4 (hereafter κ-BETS) [11] and the electron-doped cuprate superconductor Nd 2−x Ce x CuO 4 (NCCO) [12] , focusing on the angular dependence of the Shubnikov-de Haas (SdH) oscillations, a sensitive technique for quantifying the Zeeman effect [13] . We find that in both materials the SdH amplitude decreases monotonically with tilting the field away from the normal to conducting layers: remarkably, the oscillations are not modulated by the Zeeman splitting. We show that for the organic conductor such a behavior is a natural consequence of the commensurate Néel order giving rise to the Zeeman SOC in the form of Eq. (1).
Both in optimally doped NCCO [14] and in κ-BETS [15] , the slow SdH oscillations are associated with a Fermi surface reconstruction, caused by a commensurate order. However, in NCCO the nature of the order remains controversial [12, [16] [17] [18] [19] [20] . Our findings provide firm evidence that this state involves Néel order. Note that, contrary to YBa 2 Cu 3 O 6.5+δ , where the analysis of earlier experiments [21, 22] was complicated by the bilayer splitting of the Fermi cylinder [22] , the single-layer structure of NCCO poses no such difficulty.
Before presenting the experimental results, let us recapitulate the effect of Zeeman splitting on quantum oscillations. In both materials at hand, the electron dispersion is highly anisotropic, allowing us to treat it as two-dimensional (2D). Then, up to a constant, the phase ϕ of the first quantum oscillation harmonic is ϕ = F B =h e F B cos θ , where F denotes the oscillation frequency, F the area enclosed by the Fermi surface, B the magnetic field, and θ the tilt angle between the field and the normal to the conducting plane. The Zeeman effect splits the degenerate Fermi surface, breaking up F into F + and F − , with δF = F + − F − ∝ B. Adding the two harmonic oscillations at close frequencies F + and F − is equivalent to a single oscillation at frequency F , with an amplitude modulated by the spin reduction factor
The experiments were performed in a purely transverse field B ⊥ . In this case, Eq. (1) defines the Zeeman-split Fermi surfaces via
, where E(k) is the zero-field carrier dispersion. Calculating δF to linear order in B ⊥ allows us to recast Eq. (2) as
with the cyclotron mass m andḡ ⊥ defined by
and the integration performed along the Fermi surface (see Supplemental Material (SM) [23] ). For a momentum-independent g ⊥ (k) = const, Eq. (3) matches the textbook expression [13] for the spin reduction factor in two dimensions. For non-zeroḡ ⊥ , Eq. (3) yields R s (θ) = 0 at special values of θ called 'spin-zeros'. The latter provide information about the ratio of the product g ⊥ m to its free-electron value 2m 0 . This was appreciated early on and used to study materials from elemental metals [13] to layered organic conductors [29] [30] [31] [32] [33] .
In an antiferromagnet, the Fermi surface is often centered at a point k * , where the equality g ⊥ (k * ) = 0 is protected by symmetry [10] -as it is for κ-BETS [23] . Such a point k * belongs to a line of zeros g ⊥ (k) = 0 crossing the Fermi surface. Hence, g ⊥ (k) changes sign along the Fermi surface, andḡ ⊥ in Eqs. (3) and (4) vanishes by symmetry of g ⊥ (k). Therefore, δF = 0: the two Zeeman-split branches of the Fermi surface have equal areas, and the Landau levels undergo no Zeeman splitting. Consequently, the quantum oscillation amplitude is predicted to have no spin-zeros whatsoever [9] . For pockets with Fermi wave vector k F well below the inverse AF coherence length 1/ξ, g ⊥ (k) can be described by the leading term of its expansion in k. For such pockets, the present result was obtained in Refs. [9, 10, 34] . According to our estimates [23] , both in κ-BETS and in optimally (x = 0.15) doped NCCO, the product k F ξ considerably exceeds unity; thus, one has to employ the analysis above, apt for a large Fermi surface. The conclusion remains the same:ḡ ⊥ = 0 [23] , see also [35] . With this understanding, let us turn to the experiment. [15] . The shaded area in the corner of the magnetic Brillouin zone, separated from the rest of the Fermi surface by gaps ∆0 and ∆AF, is the δ pocket responsible for the SdH oscillations observed in the AF state. The inset shows the behavior of g ⊥ (k), an odd function of kc − π/2c.
Antiferromagnetic
Organic Superconductor κ-(BETS) 2 FeBr 4 -This is a quasi-2D metal with conducting layers of the BETS donor molecules, sandwiched between insulating FeBr − 4 -anion layers [11] . The material has a centrosymmetric orthorhombic crystal structure (space group P nma), with the ac plane conventionally chosen along the layers. The Fermi surface is typical of the κ-type salts: it consists of a weakly-warped cylinder and a pair of open sheets, separated from the cylinder by a small gap ∆ 0 at the Brillouin zone boundary, as shown in Fig. 1 [11, 36] . Magnetic properties of the compound are mainly governed by five localized 3d-electron spins per Fe 3+ ion in the insulating layers. At temperatures above T N ≈ 2.5 K, these S = 5/2 spins form a paramagnetic state. Below T N , the system develops Néel order with the unit cell doubling along the c axis and the staggered magnetization pointing along the a axis [11, 37] . Above a critical magnetic field B c ∼ 2 − 5 T, depending on the field orientation, the ordering is suppressed, giving way to a saturated paramagnetic state [38] .
The Shubnikov-de Haas (SdH) oscillations in the highfield paramagnetic state and in the Néel state are markedly different. In the former, two dominant frequencies corresponding to a classical orbit α on the Fermi cylinder and to a large magnetic breakdown (MB) orbit β are found, in agreement with the predicted Fermi surface [15, 36] in Fig. S5 of SM [23] . The oscillation amplitude is modulated as a function of the field strength and orientation. This modulation is fairly well described by a field-dependent spin reduction factor R s (θ, B) with the g-factor g = 2.0 ± 0.2 in the presence of an exchange field B J ≈ −13 T, imposed by paramagnetic Fe 3+ ions on conduction electrons [33, 39] .
Below B c , in the AF state, the α and β oscillations disappear, and slow oscillations at the frequency F δ ≈ 62 T emerge in their stead, indicating a Fermi surface reconstruction [15] . The latter is associated with the folding of the original Fermi surface into the magnetic Brillouin zone, and F δ is attributed to a small, nearly circular orbit δ, centered at its corner as shown in Fig. 1 . The orbit δ emerges due to the gap ∆ AF induced by the Néel order at the Fermi surface points, separated by the ordering wave vector (0, 0, π/c) [40] . Figure 2 shows examples of the field-dependent interlayer resistance of κ-BETS recorded at T = 0.42 K, at different tilt angles θ. The field was rotated in the plane normal to the Néel axis (crystallographic a axis). All the curves have a clear feature at the transition between the low-field AF and high-field paramagnetic states. The transition field B c gradually decreases with increasing θ. In excellent agreement with the previous reports [15, 41] , slow oscillations at frequency F δ = 61.2 T/ cos θ are observed below B c . Thanks to high crystal quality, even in this low-field region of the phase diagram the δ oscillations can be traced in a wide range of tilt angles |θ| ≤ 70
• . The angular dependence of the SdH amplitude A δ is shown in Fig. 3 . The amplitude was determined by the fast Fourier transform (FFT) of the zero-mean oscillating magnetoresistance component normalized to the monotonic background, in a field window of 3.0 to 4.2 T so as to stay in the AF state for all field orientations. The FFT spectra contain no resolvable higher harmonics of F δ , see inset in Fig. 2 . For θ = 0
• , a small peak at F ǫ ≈ 180 T is resolved and attributed to a larger orbit on the complex reconstructed Fermi surface [41] . The magnitude of this peak falls below the noise level at |θ| ≥ 10
• . Thus, we restrict our analysis to the fundamental harmonic of the δ oscillations. The lines in Fig. 3 are fits using the Lifshitz-Kosevich formula for the SdH amplitude [13] :
where A 0 is a field-independent prefactor, B = 3.5 T (the midpoint of the FFT window in the 1/B scale), m = 1.1m 0 / cos θ the effective cyclotron mass [15] , K = 2π 2 k B /he, T = 0.42 K, T D the Dingle temperature, and R MB the MB factor. For κ-BETS, R MB takes the form
with two characteristic MB fields B 0 and B AF , associated with the gaps ∆ 0 and ∆ AF , respectively. The Zeeman splitting effect is encapsulated in the spin factor R s (θ). In Eq. (1), the geometry of our experiment implies B = 0, thus in the Néel state R s (θ) takes the form of Eq. (3).
Excluding R s (θ), the other factors in Eq. (5) lead to a monotonic decrease of A δ with increasing θ. By contrast, R s (θ) in Eq. (3), generally, has an oscillating angular dependence. Forḡ ⊥ = g = 2.0 found in the high-field paramagnetic state [33] , Eq. (3) yields two spin-zeros, at θ ≈ 43
• and θ ≈ 64
• . Contrary to this, we observe no spin-zeros, but rather a monotonic decrease of A δ by over two orders of magnitude as the field is tilted away from θ = 0
• to θ ≈ ±70
• , i.e., in the entire angular range where we observe the oscillations. The different curves in Fig. 3 are our fits to Eq. (5) using A 0 and T D as fit parameters, and different values of the g-factor. We used the MB field values B 0 = 20 T and B AF = 5 T, which yielded T D ≃ 0.6 ± 0.1 K. While the exact values of B 0 and B AF are unknown, they have virtually no effect on the fit quality [23] .
Comparison of the curves in Fig. 3 with the data points shows that the data are incompatible withḡ ⊥ > 0.2. Given the experimental error bars, we cannot rule out a finiteḡ ⊥ < ∼ 0.2, yet even such a small finite value would be in stark contrast with the textbook g = 2.0, found from the SdH oscillations in the high-field, paramagnetic state [33] . Below we argue that, in fact,ḡ ⊥ in the Néel state is exactly zero.
Optimally doped NCCO -This material belongs to the family of electron-doped cuprate superconductors Ln 2−x Ce x CuO 4 , where Ln stands for La, Nd, Pr, or Sm [12] . All these compounds share a body-centered tetragonal crystal structure (space group I4/mmm), where (001) conducting CuO 2 layers alternate with their insulating (Ln,Ce)O 2 counterparts. Band structure calculations [42, 43] predict a hole-like cylindrical Fermi surface, centered at the corner of the Brillouin zone. However, angle-resolved photoemission spectroscopy (ARPES) [44] [45] [46] [47] reveals a reconstruction of this Fermi surface by a (π, π)-periodic order. Moreover, magnetic quantum oscillation experiments [49] [50] [51] show that the Fermi surface remains reconstructed even in the overdoped regime, up to the critical doping x c (≈ 0.175 for NCCO), where the superconductivity vanishes [52] . The origin of this reconstruction remains unclear: while the (π, π) periodicity is compatible with the Néel order observed in strongly underdoped NCCO, coexistence of antiferromagnetism and superconductivity in electron-doped cuprates remains controversial. A number of neutron scattering and muon-spin rotation studies [53] [54] [55] [56] have detected short-range Néel fluctuations but no static order within the superconducting doping range. However, another group of neutron scattering [57, 58] and magnetotransport [59] [60] [61] experiments have produced evidence of static or quasi-static AF order in superconducting samples at least up to optimal doping x opt . Alternative mechanisms of the Fermi surface reconstruction have been proposed, including a d-density wave [18] , a charge-density wave [19] or coexistent topological and fluctuating short-range AF orders [20] .
To shed light on the possible relevance of antiferromagnetism to the electronic ground state of superconducting NCCO, we have studied the field-orientation dependence of the SdH oscillations of the interlayer resistance in an optimally doped, x opt = 0.15, NCCO crystal. In line with the previous reports, the reconstructed Fermi surface has been revealed by slow oscillations with a single frequency F α (θ) = 294 T/ cos θ, corresponding to the small hole pocket α centered at the nodal points (±π/2a, ±π/2a) at the magnetic Brillouin zone boundary (see inset of The main panel of Fig. 4 presents the angular dependence of the oscillation amplitude (symbols), in a field rotated in the (ac) plane (normal to the layers). The amplitude was determined by FFT of the data taken at T = 2.5 K in the field window 45 ≤ B ≤ 64 T. The lines in the figure are fits to the Lifshitz-Kosevich formula (5), for different g-factors. The fits were performed using the MB factor R MB = [1−exp(−B 0 /B)] [50, 52] , the reported values for the MB field B 0 = 12.5 T, and the effective cyclotron mass m(θ = 0
• ) = 1.05m 0 [52] , while taking into account the 1/ cos θ angular dependence of both B 0 and m. The prefactor A 0 and Dingle temperature T D were used as fit parameters, yielding T D = 12.2 ± 0.6 K, close to the value found in the earlier experiment [52] .
Similarly to κ-BETS, the oscillation amplitude in NCCO decreases by a factor of about 300, with no sign of spin-zeros as the field is tilted from θ = 0
• to θ ≈ 72.5
• . Again, this behavior is in stark contrast to what one would expect for the textbook value g = 2, which would have produced two spin-zeros in the interval 0
• ≤ θ ≤ 70
• , see the green dash-dotted line in Fig. 4 . A reduction of the g-factor to 1.0 would shift the first spin-zero to about 72
• , near the edge of our range (blue dotted line in Fig. 4) . However, this would simultaneously suppress the amplitude at small θ by a factor of ten, contrary to our observations. All in all, our analysis shows that a finite constant g could be compatible with the experimental data only if smaller than 0.2.
Discussion -In both materials, our data impose on the effective g-factor an upper bound of 0.2. At first sight, one could simply view this as a suppression of the effective g to a finite value, inferior to 0.2. However, we argue that, in fact, our findings implyḡ ⊥ = 0 and point to the importance of the Zeeman SOC in both materials.
In the organic salt, this choice is facilitated by virtue of explaining the data based only on the interplay between the crystal symmetry and the periodicity of the Néel state [5, 6, 34] . In κ-BETS this interplay guarantees that g ⊥ (k) vanishes on the entire line k c = π/2c and is an odd function of k c − π/2c, as shown in the inset of Fig. 1 , see also SM [23] . The δ orbit is centered on the line k c = π/2c; henceḡ ⊥ in Eqs. (3) and (4) vanishes, implying the absence of spin-zeros, in agreement with our data. At the same time, quantum oscillations in the paramagnetic phase clearly reveal the Zeeman splitting of Landau levels with g = 2.0. Therefore, we conclude thatḡ ⊥ = 0 is an intrinsic property of the Néel state.
In NCCO, as already mentioned, the presence of a (quasi)static Néel order at the optimal doping has been a subject of debate. However, if indeed present, such an order leads to g ⊥ (k) = 0 at the entire magnetic Brillouin zone boundary [23] . The hole pockets, responsible for the observed F α ≃ 300 T oscillations, are believed to be centered at momentum ( π 2 , π 2 ), yieldingḡ ⊥ = 0 by symmetry of g ⊥ (k) (see [23] and the inset of Fig. 4) . Such an interpretation requires that the relevant AF fluctuations have frequencies below the cyclotron frequency in our experiment, ν c ∼ 10
12 Hz at 50 T.
Thus, we interpret the absence of spin-zeros in the AF κ-BETS and in optimally doped NCCO as a manifestation of the Zeeman SOC. Our explanation relies only on the symmetry of the Néel state and the location of the carrier pockets, while being insensitive to the mechanism of the antiferromagnetism or to the orbital makeup of the relevant bands. 
A. SPIN REDUCTION FACTOR R s (θ) IN A MAGNETIC FIELD PERPENDIC-ULAR TO THE NÉEL AXIS
As pointed out in the main text, in a purely transverse field B ⊥ the single-particle Hamiltonian takes the form
, where E(k) is the zero-field dispersion near the Fermi surface, and σ = (σ x , σ y , σ z ) is the vector, made of the three Pauli spin matrices. Upon turning on the field, a given point k of the Fermi surface undergoes a small
, where the ± signs correspond to the 'up'
and 'down' spin projections on B ⊥ and to the subscript of the resulting Fermi surface areas F ± . As shown in Fig. S1 , upon the shift by δk an element dk of the Fermi surface contributes the shaded area dk(δk 
to the Fermi surface. Therefore, to linear order in B ⊥ , the areas F ± of the two spin-split Fermi surfaces differ by
where the line integral is taken along the zero-field Fermi surface. Combined, Eqs. 
B. SYMMETRY ANALYSIS OF THE NÉEL STATE OF κ-(BETS) 2 FeBr 4 IN A TRANSVERSE FIELD
The existence of a special set of momenta in the Brillouin zone, where Bloch eigenstates of a Néel antiferromagnet remain degenerate in transverse magnetic field, is a general phenomenon. However, the precise geometry of this set depends on the interplay between the periodicity of the Néel order and the symmetry of the underlying crystal lattice [S1, S2].
Here we describe this set for κ-(BETS) 2 FeBr 4 , hereafter referred to as κ-BETS. [S3] for a review). However, an in-plane field above 5 T transforms this spin structure into a collinear one, with the staggered magnetization in all the layers aligned transversely to the field. Therefore, in our experiment, with the field B > 45 T rotated around the [100] axis, the staggered magnetization is normal to the field at all tilt angles except for a narrow interval 0
Thus, we can restrict ourselves to the purely transverse field geometry, with the field normal to the Néel axis, which makes the analysis similar to that for κ-BETS. The only difference is that, given the tetragonal symmetry of NCCO, the triple productÛ n (π)θT a can now be combined with reflectionsR As a result, for any wave vector k at the magnetic Brillouin zone boundary, one finds k|R yÛn (π)θT a |k = k|R xÛn (π)θT a |k = 0. This guarantees double degeneracy of Bloch eigenstates, hence the equality g ⊥ (k) = 0 at the entire boundary of the magnetic Brillouin zone, as shown in Fig. S3 .
The charge carrier pockets of our interest are believed to be centered at (±π/2a, ±π/2a), (5) vanishes for these pockets, as stated in the main text.
Looking only for a crude estimate, we assume a parabolic energy dispersion and treat the δ pocket as circular, of radius k F and area F δ = 2πeF δ / . Defining the antiferromagnetic coherence length as ξ = v F /∆ AF , we find:
The Fermi energy ε F in Eq. (S2) can be expressed via the Shubnikov-de Haas (SdH) frequency F δ = 61 T:
Assuming a BSC-like relation between the Néel temperature, T N ≈ 2.5 K, and the antiferromagnetic gap ∆ AF in the electron spectrum, we evaluate the latter as ∆ AF ≃ 1. Figs. S2 and S4.
Small hole pocket of the reconstructed Fermi surface in NCCO:
In NCCO, the small Fermi pocket α, responsible for the observed oscillations, is far from being circular. Therefore, we can no longer estimate k F ξ the same way as we did In Section B, we have shown that in κ-BETS the factor g ⊥ (k) vanishes at the entire k c = ±π/2c segment of the magnetic Brillouin zone boundary. In the present section, we establish an important general symmetry property of g ⊥ (k). In the case of κ-BETS, this property implies that g ⊥ (k) is an odd function of k c − π/2c. The δ pocket, responsible for the observed SdH oscillations, is centered on this segment, at the corner of the magnetic Brillouin zone (see Fig. 1 ). As a result, for this pocket the "effective g-factor"ḡ ⊥ in Eq. (4) vanishes by symmetry.
Without loss of generality, we consider the simplest case of double commensurability, relevant to both materials of our interest. In both of them, the underlying non-magnetic state is centrosymmetric, with the relevant electron band having the spectrum ε(k). Spontaneous
Néel magnetization with wave vector Q interacts with the conduction electron spin σ via the exchange term (∆ AF · σ), coupling the states at wave vectors k and k + Q. In the Néel phase, subjected to magnetic field B, the electron Hamiltonian takes the form [S8]
where the factor µ B /2 has been absorbed into the definition of B, and ∆ AF = JS is the product of the antiferromagnetically ordered moment S and its exchange coupling J to the conduction electrons. In a purely transverse field B ⊥ ⊥ ∆ AF , the Hamiltonian (S4) can be easily diagonalized [S2, S9] to yield the spectrum
where
. Equation (S5) shows that ∆ AF is the energy gap in the electron spectrum of the Néel state. From Eq. (S5), one easily finds the effective transverse The arguments above rely on a quasi-classical description. Note that the key conclusion, the absence of spin-zeros in a transverse field, holds regardless of how the Fermi wave vector k F compares with the inverse antiferromagnetic coherence length 1/ξ ∼ ∆ AF / v F , where the behavior of g ⊥ (k) crosses over from linear to constant as illustrated in Fig. S4 .
In the limit of k F ξ 1, the problem can be analyzed by reducing the Hamiltonian to the leading terms of its momentum expansion around the band extremum. The conclusion remains intact: in a purely transverse field, the Zeeman term of Eq. (2) does not lift the spin degeneracy of Landau levels [S11] ; hence, the quantum oscillation amplitude has no spin-zeros. The present work extends the validity range of this result from a small Fermi pocket to an arbitrarily large Fermi surface.
F. DETAILS OF THE SdH FIT FOR κ-BETS
In the main text, we noted a large uncertainty of B 0 and B AF . Here we show that the quality of our SdH amplitude fits is insensitive to the exact values of B 0 and B AF . Equation (6) for the amplitude A δ contains the MB factor
which must be taken into account when analyzing the angular dependence A δ (θ).
A rough estimate of B 0 can be obtained from the SdH oscillation data in the high-field, paramagnetic state [S12] , where the SdH spectrum reveals two dominant orbits, shown in 
Here, we estimated the Fermi energy ε F from SdH oscillations in the paramagnetic state: Of course, these are only rough estimates. Moreover, the observation of the δ oscillations in fields up to B c ≃ 5 T implies that the relevant MB field must be in the range of a few tesla, in order to provide a non-vanishing second factor in the right-hand side of Eq. (S7).
On the other hand, the MB field cannot be much higher than the fields we applied (B B c ), as evidenced by the presence of a small SdH contribution from a bigger orbit, F ǫ ≈ 180 T (see inset in Fig. 2 of the main text), which requires a sufficient MB probability through the AF gap [S19] . Therefore, we have tentatively set the upper estimate for B AF at about 5 T and checked how our fits are affected by varying B AF from 0.15 T to 5 T.
The results are summarized in Fig. S6 , which presents several fits of the experimental data for κ-BETS (the same as in Fig. 3 whereas the variation of B AF barely results in a 15% change of the Dingle temperature.
The parameter A 0 in Eq. (5) changes roughly inversely to B AF . However, A 0 is largely an empirical parameter, irrelevant to our study. Thus, we conclude that the mentioned uncertainty of the MB fields has no effect on the quality of our fits, as stated in the main text.
